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The effect of Manganese addition on the iron-rich intermetallics and wear behavior of Al-
17.5%Si hypereutectic alloys has been studied. Dry sliding wear tests have been conducted
using a pin-on-disk machine under different normal loads of 18, 51, 74 and 100 N and at
a  constant sliding speed of 0.3 m/s. The addition of 1.2 wt.% Fe to the base alloy increased
the  wear rate due to the formation of needle beta intermetallics. Introducing 0.6 wt.% Mn
to  the iron-rich alloy changed the beta intermetallics into the modiﬁed alpha phases, and
therefore reduced the detrimental effect of iron. Mn addition up to 0.9 wt.% to the 1.8Fe
alloy did not impede formation of needle-like intermetallic compounds and had no positive
effect  on the modiﬁcation of microstructure.Wear behavior © 2015 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
mation of the -particle. It is well known that trace additionFriction coefﬁcient
1.  Introduction
It is well established that hypereutectic Al Si cast alloys have
the good potential for tribological applications [1,2]. Silicon
as a hard material increases the wear resistance of Al Si
hypereutectic alloys [3,4]. The presence of Fe and its com-
pounds can be a problem in hypereutectic Al Si alloys [5,6].
Iron as an impurity in Al Si alloys or as necessary element
in the die-cast process can leave some serious detrimental
effects on the mechanical properties of the casting parts [7].
This is due mainly to the precipitation of brittle -Al5FeSi
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intermetallics that appear as needles or plate-like morpholo-
gies in the microstructure [8–10]. However, in Al Si piston
alloys, iron is a desirable element that helps to enhance
high temperature properties and thermal stability of the alloy
[11,12]. Attempts have to be made to modify the negative
effects of iron intermetallics, e.g., by reﬁning their size and
by modifying them to the less deleterious morphologies [11].
Alloy chemistry is an important factor that inﬂuences the for-of suitable neutralizer elements like Mn, Cr, Be, Co, and Sr can
modify the -phase morphology to less harmful forms [8–10].
Among these, Mn is an effective element in the modiﬁcation
tion. Published by Elsevier Editora Ltda.
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f needle-like intermetallic compounds [13–15]. It has been
hown that manganese addition up to the half of the iron
mount results to the formation of some Mn-containing inter-
etallic compounds in the matrix, such as Al15(Fe,Mn)3Si2
15]. Taghiabadi et al. [16] have shown that addition of about
.7 wt.% Fe increased the hardness and improved the wear
esistance of the F332 Al Si alloy. Addition of iron up to
.5 wt.% increased the hardness, but decreased the wear resis-
ance. It has been shown that the addition of Mn  into the
ron-containing eutectic Al Si alloys converts the needle-like
-intermetallics into the well modiﬁed -intermetallic com-
ounds and improves the wear resistance of the alloy [17].
his investigation has been focused on the modiﬁcation of
hese iron-rich intermetallics and to study their effects on the
ry sliding wear of hypereutectic Al-17.5%Si alloy.
.  Experimental  procedure
he composition of hypereutectic Al Si alloy used
n the present study is given in Table 1. In order to investigate
he effect of Fe-rich intermetallics on the wear behavior of
he alloy, iron and manganese were added to the base alloy
n order to obtain 1.2Fe alloy containing 1.2 wt.% Fe, 1.2FeMn
lloy containing 1.2 wt.% Fe and 0.6 wt.% Mn  and 1.8FeMn
lloy containing 1.8 wt.% Fe and 0.9 wt.% Mn (Table 1). Iron and
anganese were added to the melt at 750 ◦C using ALTAB Fe
ompact (75 wt.% Fe, 15 wt.% Al and 10 wt.% nonhygroscopic
a-free ﬂux) and Mn  compact (75 wt.% Mn, 15 wt.% Al, and
0 wt.% nonhygroscopic Na-free ﬂux), respectively. After the
dditions were made, the temperature of the melt was raised
o 800 ◦C, under covered ﬂux, held for 15 min  to homogenize
he liquid, then cooled in the furnace to 750 ◦C. The melt was
tirred and degassed using Foseco 600 tablet for 10 min  and
nal pouring temperature was always 720 ± 5 ◦C. The molten
lloys were cast into a copper mold having the average cooling
ate of 7.5 ◦C s−1. The hardness of all samples was measured
sing a Brinell hardness tester with the load of 31.25 kgf. The
ffect of alloy chemistry on the microstructure was studied
y a TESCAN VEGA2 scanning electron microscope (SEM)
quipped with an energy dispersive X-ray spectrometer (EDS).
 computer-assisted Buhler Omnimet image  analysis system
as used to measure the morphological parameters of Fe
ntermetallics including the length and the volume fraction
f iron intermetallic particles. Dry sliding wear experiments
ere performed using a pin-on-disk machine against the
ounterface of a hardened and ground (Ra = 0.5 m)  steel disk
diameter 50 mm and 10 mm thickness) with HRC 62–65 hard-
ess. The pin samples, 5 mm × 5 mm,  were prepared in the ﬂat
ontact region by polishing up to 0.5 m (Ra) and cleaning with
cetone to remove dust and grease from the surface. The tests
Table 1 – Designations and chemical compositions of the hyper
Alloy code Si Cu Ni Mg 
Base 17.54 1.02 1.11 0.95 
1.2Fe 17.81 1.05 0.91 0.98 
1.2FeMn 17.44 0.88 1.09 0.91 
1.8FeMn 17.61 0.95 1.02 0/92 0 1 6;5(3):250–258 251
were done in air atmosphere at a relative humidity of 40 ± 2%
at room temperature (25 ◦C). Dry sliding was conducted under
normal loads of 18, 51, 74 and 100 N, at a constant sliding
speed of 0.3 m s−1 for a sliding distance of 1000 m.  Each test
was repeated three times with identical new samples on fresh
disk surface and the weight loss determined as a function of
distance was used for the analysis of the wear rate.
3.  Results  and  discussion
3.1.  Microstructure  and  hardness
The microstructure of base alloy is depicted in Fig. 1a. As
observed, the base alloy contains complex intermetallics
(phase A). The chemical composition of these intermetallics
is shown in Table 2. These intermetallics are rich in Ni and
Cu due to the presence of these elements in the composition
of the base alloy. The addition of iron to the base alloy led to
the precipitation of needle-like intermetallic (phase B) in the
matrix as shown in Fig. 1b. The average atomic concentrations
of Al, Fe and Si were in a good agreement with the concen-
trations obtained for the -Al5FeSi needles by others [18–20].
Fig. 1c shows the microstructure of 1.2FeMn alloy. The addition
of Mn up to the half of Fe amount causes the replacement of 
needle-like intermetallic by star-like polygonal morphologies
(phase C). According to Table 2, the average atomic percentage
of the star-like intermetallic is Al15(Fe,Mn)3Si2 phase, which
is in a good agreement with what was previously reported
[21]. Fig. 1d shows the effect of 1.8 wt.% Fe and 0.9 wt.% Mn
addition on the microstructure of 1.8FeMn alloy. As can be
seen, exceeding amount of iron up to 1.8% in the 1.8FeMn
alloy despite the presence of manganese leads to the forma-
tion of needle-like and cubic intermetallic compounds (phase
D), which have blade nature in the matrix in fact. Chemical
composition analysis of these compounds did not illustrate
-Al5FeSi and -Al15(Fe,Mn)3Si2 phases in the microstructure.
Instead conﬁrmed that chemical composition of this phase
was similar to Al4(Fe,Mn)Si2 intermetallic compounds. These
intermetallic particles are called  phase. The image  analysis
results of the volume fraction and the average maximum size
of the intermetallic phases are presented in Table 3. It demon-
strates that the size and the volume fraction of intermetallic
compounds in 1.8FeMn alloy have increased 59.71% and 3.41%,
respectively, compared to those observed in 1.2FeMn alloy.
Table 3, also shows the Hardness of alloys investigated in the
present study. It is observed that the addition of 1.2 wt.% Fe
to the base alloy increased the hardness from 115 ± 0.91 HB
to 121 ± 0.65 HB. The hardness of 1.2FeMn alloy (122 ± 0.71 HB)
is approximately equal to that of 1.2Fe alloy, while the
1.8FeMn alloy has higher hardness value (130 ± 0.23 HB) in the
microstructure compared to the other alloys.
eutectic Al Si alloys (wt.%).
Zn Fe Mn Al
0.017 0.42 – Balance
0.018 1.15 0.53 Balance
0.018 1.22 0.63 Balance
0.013 1.81 0.79 Balance
252  j m a t e r r e s t e c h n o l . 2 0 1 6;5(3):250–258
Fig. 1 – Microstructures of the (a) base alloy, (b) 1.2Fe alloy, (c) 1.2FeMn alloy and (d) 1.8FeMn alloy.
Table 2 – Chemical composition of the phases shown in the micrographs of Fig. 1 (at.%).
Alloy code Phases Morphology Atomic percentage
Al Si Fe Mn Cu Ni
Base alloy A – 73.28 4.38 2.84 – 4.47 15.03
1.2Fe B Needle-like 67.08 16.45 15.77 – 0.6
1.2FeMn C Star-like 71.84 10.39 11.04 5.76 0.3
1.8FeMn D Needle-like and Cubic 72.98 9.57 10.37 6.57 –
Table 3 – Hardness, volume fraction, and the average maximum size of Fe-rich intermetallic phases.
Alloy code Hardness Morphology Volume fraction of phase (%) Average maximum size of the phase (m)
Base alloy – 115 ± 0.91 – –
1.2Fe Needle-like 121 ± 0.65 11.90 ± 7.32 55.31 ± 18.51
1.2FeMn Star-like 122 ± 0.71 13.90 ± 6.19 38.79 ± 17.60
1.8FeMn
Needle-like
130 ± 0.23 17.31 ± 8.20 70.2  ± 32.11
Cubic 28.3 ± 11.22
o l . 2 0 1 6;5(3):250–258 253
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.2.  Wear  characterizations
ig. 2 displays the effect of Fe and Mn  parameters on the
ear rate of base alloy at the applied loads of 18, 51, 74, and
00 N. It can be observed that the addition of 1.2% Fe to the
ase alloy creates a detrimental effect on the wear behav-
or of the alloy. The 1.2Fe alloy has the highest wear rate
ompared to the base alloy at all applied loads. Fig. 2 shows
hat the addition of Mn  to the 1.2Fe alloy declines the detri-
ental effects of iron and improves the wear rate of 1.2FeMn
lloy compared to that of 1.2Fe alloy. It can be seen that the
ddition of 0.9% Mn  to the 1.8Fe alloy does not decrease the
eleterious effects of iron, and consequently it does not help
educe the wear rate of 1.8FeMn alloy compared to that of
.2FeMn. In hypereutectic Al Si alloys containing high per-
entages of silicon, the presence of approximately more  than
Fig. 2 – Variation of wear rate versus applied load for
different alloys.
ig. 3 – SEM micrographs of worn surfaces of (a) base alloy at applied loads of 51 N, (b) enlarged view of the marked region
A) in the micrograph (a), (c) 1.2FeMn alloy at applied loads of 74 N, (d) enlarged view of the marked region (B) in the
icrograph (c) (*SD is sliding direction).
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Fig. 4 – EDS result of the worn surface of base alloy at the applied load of 51 N.1.5% Fe leads to the formation of needle-like and cubic -
Al4(Fe,Mn)Si2 intermetallic compounds, and thus, further Mn
addition to alloy composition cannot result to the formation
of modiﬁed -Al15(Fe,Mn)3Si2 intermetallic compounds and
decrease the deleterious effects of iron [21]. The higher wear
rate of the 1.8FeMn alloy compared to the 1.2FeMn alloy is due
to existence of needle-like intermetallic compounds and more
potential to formation of microcracks in the subsurface of the
alloy. The SEM micrographs of the worn surfaces of the base
alloy and 1.2FeMn alloy are shown in Fig. 3. Fig. 3a shows that
the worn surface was mostly covered by some particles under
applied load of 51 N. These particles formed on the worn sur-
face of the pin contained a certain amount of iron, aluminum,
silicon and oxygen as examined by EDS in Fig. 4. Based on the
compositional analysis, it can be concluded that much of the
wear debris is composed of oxide particles. These oxide par-
ticles could become entrapped between the sliding surfaces
and get compacted due to the repetitive sliding. Then they
form a tribolayer over the surface, as shown in Fig. 3d. Fig. 5
shows the subsurface micrographs of the base, 1.2Fe, 1.2FeMn
and 1.8FeMn alloy at the applied load of 51 and 74 N. During
sliding, high tangential stresses take place at the sliding sur-
face, resulting in nucleation of cracks within the plastically
deformed material, beneath the surface [22–24], as shown in
Fig. 5a. The cracks can be propagated and their connection
to each other can lead to delamination of metallic and inter-
metallic particles from the surface. These fragmented metallic
particles could be mechanically mixed with the oxides in the
contact zone and form a tribolayer (MML), as shown in Fig. 5b
and c. The stresses derived on the surface during sliding can
weaken the tribolayer and lead to the delamination and frac-
ture of oxide ﬁlm generated through the wear debris (Fig. 6a).
According to Fig. 7, the wear debris of base alloy, contained a
certain amount of iron, aluminum and oxygen that is sim-
ilar to what observed in the worn surfaces of the alloys in
Fig. 4, although there appears to be a bit more  aluminum in
the wear debris (Fig. 4). The reduction in wear resistance of
1.2Fe alloy compared to the base alloy, as shown in Fig. 2,
can be explained based on the microstructural features of thealloys. Fig. 1b shows that addition of iron to the base alloy led
to the precipitation of -phase intermetallic in the matrix. -
Al5FeSi needle-like intermetallics are hard and brittle phases.
They exist as discrete particles with a highly faceted nature in
the alloy matrix [25,26]. Accordingly, it has relatively low bond
strength with the matrix and the interfacial regions between
this phase and the matrix become quite prone to microcrack-
ing [27]. Moreover, sharp edges of the -needles introduce
severe stress concentrations in the matrix of the alloy [21].
According to Fig. 2 the enhancement in the wear resistance
of 1.2FeMn and compared to 1.2Fe can be originated from the
replacement of -needle-like intermetallics by the modiﬁed
-intermetallic compounds. Since the -intermetallics have
a modiﬁed morphology rather than the needle-like  phase,
they have little effect on the formation of surface and sub-
surface microcracks. Also, the -intermetallics form a rough
interface with the matrix and their better bonding with matrix
reduces the possibility of crack formation in the interface
of intermetallic compounds with the matrix. Fig. 1d shows
that the addition of manganese to the 1.8Fe alloy led to the
formation of -phase intermetallic in the matrix. The blade
nature of these intermetallic compounds increased wear rate
of the 1.8FeMn alloy, but its wear rate rose up very little
compared to the base alloy because some needle-like inter-
metallics are replaced by modiﬁed intermetallics due to the
addition of Mn.  Also, this phenomenon may have occurred
due to hardness enhancement as a result of the formation
of the more  volume fraction of intermetallic compounds and
also the presence of cubic compounds. As, equality of propor-
tion of wear rate in the 1.8FeMn alloy in comparison with the
base alloy, shows decline of negative effects of intermetallic
compounds, even in the case of the presence of blade inter-
metallic compounds in the alloy. According to Table 3, the
hardness of the alloys from base one to 1.8FeMn alloy illus-
trates linear increment, whereas wear rate of the alloys from
base one to 1.8FeMn alloy follows approximately a sinusoidal
procedure that its climax occurs in 1.2Fe alloy. This implies,
although hardness values are effective on the wear resistance
of hypereutectic Al Si alloys, microstructure and morphology
j m a t e r r e s t e c h n o l . 2 0 1 6;5(3):250–258 255
Fig. 5 – (a) Longitudinal cross-section of the worn surface of base alloy at the applied load of 51 N, (b) 1.2Fe alloy at the
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esulted from the chemical composition and casting process,
lay substantial role on the wear resistance of hypereutec-
ic Al Si alloys. According to Fig. 2 the addition of 1.8% Fe
nd 0.9% Mn  to the base alloy led to the increasing of wear
ate of 1.8FeMn alloy. The reason for this, as it is clear in
ig. 5d, is mainly due to stress concentration enhancement
nd crack formation as a result of the presence of needle-like
ntermetallic compounds [14]. Increasing percentage of iron to
bout 1.8% led to the formation of needle-like intermetallics
eighboring cubic particles and this issue due to stress
oncentration and tendency of needle-like particles to micro-
racking would resulted in decrease of wear resistance in the
lloy. Lowering wear resistance of hypereutectic alloys con-
aining intermetallic compounds, in addition to alloy trend
o crack formation and fracture and segregation of inter-
etallic compounds, can be considered as alloy brittlenessand (d) 1.8FeMn alloy at the applied load of 74 N.
increment owing to intermetallic compounds formation in the
alloy structure.
3.3.  Friction  coefﬁcient
Fig. 8 shows the variation of friction coefﬁcient with slid-
ing distance for 1.2FeMn alloy at the load of 51 N. It is noted
that the obtained friction coefﬁcient curve is divided into two
separated stages. The friction coefﬁcient had little ﬂuctua-
tion and lower coefﬁcient value in the ﬁrst stage compared
to the second one. At longer sliding distances, correspond-
ing to the second segment, the friction coefﬁcient increases
and showed greater ﬂuctuation. The coefﬁcient of friction of
the 1.2FeMn alloy at the loads of 18 N and 74 N are compared
with each other in Fig. 9. It is seen that at the initial dis-
tances of sliding the friction coefﬁcient at the load of 18 N has
256  j m a t e r r e s t e c h n o l . 2 0 1 6;5(3):250–258
Fig. 6 – (a) SEM micrographs of wear debris of base alloy at the applied loads of 74 N, (b) enlarged view of the marked region
(A) in the micrograph (a), (c) enlarged view of the marked region (B) in the micrograph (a).higher values in comparison with 74 N load, but after continu-
ing sliding the friction coefﬁcient at the load of 74 N increases
and has bigger values in comparison with the load of 18 N at
the high distances of sliding. According to Fig. 8, in the ﬁrst
stage, small values and less ﬂuctuation of friction coefﬁcient
is probably related to the oxide layer formation and preven-
tion of metal-metal contact during sliding [28]. With starting
wear and consequently temperature increment between worn
surfaces, oxidation of trapped metallic particles fall out and
form a thin oxide layer between the sample and counter-
face so prevent direct metal-metal contact. The prevention of
direct metal-metal contact due to the reduction of metallic
surfaces, adhesion and lubrication properties of oxide layer
led to the decreasing of friction coefﬁcient and observed ﬂuc-
tuations. By increasing sliding distance, sliding intermittentstresses led to the instability and disparting of initial protec-
tive oxide layer, and this increases the friction coefﬁcient of
mating materials (second stage of curve in Fig. 8) [1,29]. Fig. 9
illustrates friction coefﬁcient of 1.2FeMn alloy at the loads of
18 N and 74 N. As can be observed, friction coefﬁcients for both
applied loads have approximately low levels at initial sliding
distances (approximately 300 m),  whereas, by increasing slid-
ing distance, friction coefﬁcient values in both applied loads
increase and demonstrate elevated oscillations. According to
Fig. 8, after initial 300 m distance, friction coefﬁcient of 74 N
load has higher quantity in proportion to friction coefﬁcient of
18 N load. The reason for this is that at elevated applied loads
severe wear mechanism is activated [1], while at the load of
18 N, mild wear is dominant and this led to the low coefﬁcient
of friction at this load [22].
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Fig. 7 – EDS result of the wear debris of base alloy at the applied load of 74 N.
Fig. 8 – Variation of friction coefﬁcient with sliding
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Fig. 9 – Variation of friction coefﬁcient with sliding distance
at the loads of 18 N and 74 N in 1.2FeMn alloy.
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r.  Conclusion
1) The addition of iron to the hypereutectic Al Si alloys
resulted in the formation of needle-like iron-rich inter-
metallics in the matrix.2) The Mn  addition to the alloys containing 1.2 wt.% Fe results
in the reduction of the detrimental effect of iron due to the
formation of modiﬁed alpha intermetallic compounds and
increases wear resistance of the 1.2FeMn alloy. distance at the load of 51 N in 1.2FeMn alloy.
(3) The wear rate of the 1.8FeMn alloy, despite the presence
of needle-like phases in the microstructure, is lower than
the 1.2Fe alloy due to the higher hardness of the alloy.
(4) The addition of Mn to the alloys containing approximately
higher than 1.5 wt.% Fe has no signiﬁcant effect on the
modiﬁcation of microstructure and does not prevent for-
mation of needle-like intermetallic compounds.
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